Metal-organic frameworks (MOFs) are promising materials for batteries and supercapacitors. However, random crystal orientations and low conductivity can result in poor performance. Designing a convenient method to address these issues is therefore an important challenge. Here we describe an efficient strategy to fabricate self-supported MOF wall-like architectures with uniform orientation on carbon nanowalls (CNWs) as seedbeds. In addition, we gain molecular-level insight into the interface between CNWs and MOF nanosheets using density functional theory calculations. Our results suggest that assembled ions anchor on edge carbon atoms to match the matrix of the edges of CNWs, while the remaining ions self-assemble with terminal -COOH groups on p-benzenedicarboxylic acid ligands to form the structure. Our findings demonstrate a feasible method to fabricate integrated MOF electrodes with ideal orientations and, therefore, may pave the way to unlock the inherent high performance of MOF materials towards a number of engineering applications.
M etal-organic frameworks (MOFs) are synthesized by joining metal-containing units with organic linkers to forge open crystalline framework. A variety of metalcontaining units and organic linkers can be chosen for MOF preparation, which offer extensive flexibility 1-3 for tuning topologies, pore structures, sizes, and constituents 4 for a number of technological applications ranging from heterogeneous catalysis to electrochemical energy storage devices 5 . Besides being treated as templates 6 and precursors 7, 8 , MOFs can be directly utilized as active materials by incorporating redox metal centers into their structures, ascribed to their large specific area surface 9 and potential pseudo-capacitance sites 10, 11 . This makes MOFs particularly interesting electrode materials for supercapacitors.
However, the low conductivity of MOFs hinders their straightforward application. Tremendous efforts towards solving this issue have resulted in the design of improved MOFs, such as metal-ion based MOFs [12] [13] [14] [15] [16] and other composite materials 17 . In spite of such success stories, on typical substrates MOF crystals grow in random orientations, which strongly reduces specific areas, limits the effective permeation of electrolytes to electrochemical surfaces, and lowers the overall utilization of the MOF active sites. For instance, in porous MOFs local pores are sealed, triggering dead volumes, whereas in planar MOFs some planar surfaces are mutually covered causing the shrinkage of gap spacing. These scenarios have become a bottleneck for unlocking the full potential performance of MOFs 18 .
There are many methods to control MOF growth [19] [20] [21] [22] , but to date the most effective way to synthesize highly oriented materials and control their morphologies involves using templates able to govern nucleation and growth processes. Very recently, an oriented MOF has been synthesized on Cu(OH) 2 , showing improved optical performance 23 . Unfortunately, in the case of electrochemical energy storage applications, the overall performance of the material is strongly affected by conductivity. If the template is not properly removed, it may degrade electrochemical performance. Even if substrate removal is successful, it may unavoidably trigger MOF deformation or even destruction after calcination or etching by polar solvents 24 . Hence, typical templating methods are probably not the best way to synthesize selfsupported MOFs with controlled orientation. Methods to precisely locate MOFs on substrates for a wide range of applications have been reviewed 25, 26 . However, for electrochemical energy storage systems, like supercapacitors, there are no efficient methods. Specifically, for batteries and supercapacitors, relatively large templates with homogeneous loadings of controlled MOFs require a more convenient fabrication protocol.
For these applications, we propose an easy strategy to prepare a binder-free, self-supported, and highly oriented MOF electrode using a substrate coated with carbon materials to match the initial MOFs and shape the further growth 27, 28 . Herein, we demonstrate that the growth of highly vertically oriented MOF nanosheets (VMSs) is successfully shaped by plasma enhanced chemical vapor deposition (PECVD)-prepared carbon nanowalls (CNWs) on Ni foam. We also synthesize a Ni MOF sample without CNWs in a control experiment. We further exploit this VMS/CNW/Ni foam as an integrated supercapacitor electrode and show how this binder-free MOF electrode exhibits improved performance compared to the control sample.
Results
Structural characterization of the vertical Ni MOF. Compared to traditional porous materials, the most appealing advantage of MOFs is that using different metal ions and organic linkers so that MOFs can be finely designed to exhibit one-, two-, and threedimensional (1D, 2D, and 3D) MOF structures 4, 26 . Here we used p-benzenedicarboxylic acid (PTA) as the ligand and nickel nitrate as ion source to synthesize a layered 2D MOF through a reported method with modifications 10 . X-ray diffraction (XRD) data of the synthesized Ni MOF is provided in Fig. 1a , which is in accordance with the simulated curve (CCDC 638866) indicating that the MOF we synthesized belongs to MOF-24, a layered MOF. The lattice parameters a, b, and c are 10.2077, 8.0135, and 6.3337 Å, respectively. However, it shows relatively low crystallinity because of a short reaction time (6 h). Judged from the X-ray absorption fine structure (XAFS) spectrum in Supplementary Figure 1 , the absorption K-edge for the synthesized MOF shows no difference with NiO, suggesting that Ni valence state is +2 29 . Scanning electron microscopy (SEM) images (Fig. 1b) reveal that the Ni MOF is made up of flakes with irregular sizes ranging from nanoto micrometer scale. The elongated reaction time (12 h) leads to a higher crystallinity and a well-defined layered structure (Supplementary Figure 2 ) as confirmed by transmission electron microscopy (TEM) analysis in Supplementary Figure 3 . Isothermal N 2 adsorption-desorption analysis ( Supplementary Figure 4 ) was performed to further evaluate the porous features of the synthesized MOF. The isotherm is a typical IV type curve. Mesoporous structure was indicated by the loop in the nitrogen adsorption isotherm (the inset of Supplementary Figure 4) , and the specific surface area is 32.72 m 2 g −1 calculated by Brunauer-Emmett-Teller (BET) method, which is probably due to the random layered structure and its relatively low crystallinity. The synthesized MOF with random orientations would still shuffle on the current collector when fabricated into an electrode, which may have a negative effect on electrochemical behaviors together with low conductivity. As mentioned above, even though MOFs show a promising future in energy storage and the layered structure is favorable for electrochemical properties, this orientation chaos would limit permeation of electrolyte and thus lower effective redox sites and the utilization of active materials. In addition, the electrochemical performance is expected to be further hindered by the poor crystallinity and low BET surface area associated to the short reaction time. In particular, using the synthesized Ni MOF pressed onto a nickel foam as a capacitor electrode, we found an electrochemical performance of 684 F g −1 at the current density of 1 A g −1 (Supplementary Figure 5) . However, when the electrode is discharged at a higher current density of 16 A g −1 , the capacitance can only reach 249 F g −1 , which clearly indicates poor rate capability. In addition, one can see impurity peaks in the XRD pattern, which we believe is due to the short reaction time. To prove that, we have elongated the reaction time to 12 h and the XRD pattern has shown better crystallinity and no impurity peaks were observed (Supplementary Figure 6a) . The corresponding electrochemical performance has also been improved (Supplementary Figure 6b and c), and the capacitance can reach 793, 711, 568, 444, 355, and 213 F g −1 at the current density of 1, 2, 4, 8, 16, and 32 A g −1 , respectively. However, the overall performance is still less desirable. This highlights the need for suppressing MOF random orientation in order to achieve improved maximum capacitances and capacitance retentions, especially at high current densities.
Recently, it has been reported that combining precursors of MOFs and other hybrid materials, like graphene, in the synthesis process can change MOF morphology 27, 28, 30 . In particular, tuning the content of doping species in the precursors can lead to a range of morphologies, such as polyhedrons, layered structures, or even nanowires. It is assumed that doped precursors induce lattice distortions of MOFs. However, the layered structure of Ni MOF is favorable for supercapacitive properties which need to be preserved. Herein, we designed a novel and feasible approach to synthesize a vertically oriented MOF without changing its layered structure and where the removal of CNWs is unnecessary. On the other hand, the existence of CNWs will facilitate the electron transfer as well. In principle, uniform oriented dopants are a good seedbed for uniformly growing oriented MOF without modifying the structure, since these templates only affect adjacent precursors, match the matrix of initial MOFs, and do not induce lattice distortions during further MOF growth. So, we utilize carbon nanowalls as the seedbed and the edges of CNWs as the molding for oriented MOF synthesis, which is also highly conductive and, therefore, needs no removal.
CNWs can grow vertically oriented on Ni substrates prepared by PECVD [31] [32] [33] . This technique is particularly well suited due to its feasibility and potentiality for large-area production with reasonable growth rates. In this work, we grew CNWs on the substrate without any seed catalyst. When the Ni foam was heated up to 800°C in the mixture of CH 4 and Ar, vertically oriented CNW coating was produced on the Ni foam after 30 min of growth. The Raman spectrum for CNWs is in Fig. 1c showing four prominent peaks at 1350 cm −1 , 1583 cm −1 , 1620 cm −1 , and 2699 cm −1 , which correspond to D, G, 2D, and D+G band, respectively. For a qualitative analysis of CNWs, we measured the intensity ratio between the D band (I D ), which corresponds to the induced disorder, and the G band (I G ), which corresponds to the intrinsic feature of sp 2 carbon. The I D /I G value is 1.67, which means a relatively high degree of structural disorder and crystal defects for the CNWs. Furthermore, I 2D /I G is~0.69, which further confirms the multi-layered structure of the prepared CNWs. Figure 1d shows a typical top-view SEM image. The reticulate walls of carbon materials were formed with the average side length of unit wall of approximately 200−400 nm and the thickness of about 20−30 nm. During the PECVD fabrication, pristine graphitic islands were formed on the Ni foam with a planar growth until impingement with other islands. Then, the newly formed grain boundaries on the edges of basal islands pushed the sp 2 bonds upward. Free carbon out of CH 4 in the plasma continuously provided atoms to the growing hexagonal lattice. The relevant defects mainly exist at the edges of CNWs, which are, in principle, favorable nucleation sites for the growth of MOFs.
During the synthesis of Ni MOF, we use CNWs as seedbeds for MOF anchoring and constructing so that we put the CNWs in the mixture of MOF precursors. After the synthesis, VMSs were coated on the CNW substrate ( nucleation sites for VMS growth and, therefore, we speculate that PTA molecules and Ni 2+ are initially anchored on the edge of graphitic surfaces where nascent MOFs were yielded. Then, with the stiffness of the organic linkers provided by the benzene ring of PTA molecules, the epitaxial growth of the rest of metal ions and organic linkers occurred along vertically oriented graphitic planes, resulting in uniform oriented VMSs.
Investigation of VMS growth mechanism. In order to gain molecular insight into this, we investigated the anchoring mechanism of PTA on the edge (prismatic) surface of graphite using density functional theory (DFT) calculations. To this end, we considered a range of possible adsorption sites, adsorption mechanisms (molecular and dissociative), and molecule orientations (see Supplementary Figures 9 to 12 ) because how PTA molecules are adsorbed on CNW influences the growth of VMS. Table 1 summarizes the adsorption energies of the three most stable structures for the three main PTA configurations: planar, vertical, and side orientations. In Fig. 2d , e & f we show the most stable adsorption geometries for each of these three orientations. Owing to the highly reactive nature of the dangling bonds of C atoms in the edge surface of graphite, all computed adsorption energies correspond to strongly exothermic processes with respect to PTA in gas phase. Overall, we found that PTA molecules prefer to adsorb in a side orientation on top of graphitic ridges, giving rise to the cleavage of two C-H bonds, with an adsorption energy of −17.1 eV. Notice that the two dissociated H atoms are coadsorbed on nearby C atoms. Adsorption in a planar orientation is 3.4 eV less favorable than side-oriented adsorption, whereas vertical-oriented molecules are 8.9 eV less stable. This result suggests that MOF upward growth on top of edge surfaces is enhanced along the c-axis, whereas growth along a-and b-axes will be much less preferred. This is fully consistent with the observed VMS growth on CNWs and provides molecular-level support to our experimental findings. To get more visual information, we conducted scanning transmission electron microscopy (STEM) and energy-dispersive X-ray (EDX) analysis (Supplementary Figure 13 ). The Pt layer was used to protect the MOF . g-i XPS spectra for CNWs, Ni MOF, and VMS/ CNW interface; the inset of (h) is the coordination environment of Ni MOF and the yellow balls are for Ni atoms structure from the high energy electron beam. In the red square of STEM image is a VMS structure. In the VMS, we can see that Ni and O also appear on the edges of CNWs, which is in accordance of the proposed growth mechanism and DFT calculations that PTA and Ni ion anchor on the edges of CNWs to form the initial MOFs that match the matrix of edges of CNWs.
Metal ions and linkers can then continually self-assemble with terminal -COOH groups on PTA to stabilize the whole architecture, forming a well-oriented MOF structure.
To get further experimental knowledge of the connection between CNWs and VMSs, we used X-ray photoelectron spectroscopy (XPS) to investigate the CNW/VMS interface. The XPS spectrum for the CWNs (Fig. 2g) can be decomposed into two components, corresponding to carbon atoms in sp 2 -and sp 3 hybridized carbon at 284.5 and 285.7 eV, respectively. The XPS spectrum (Fig. 2h) for Ni MOF powders also shows two main components. The inset in Fig. 2h corresponds to the coordination environment of Ni MOF, showing three kinds of carbon atoms labeled as 1, 2, and 3 which are well decomposed in the main peak. Accordingly, the area ratio of these three kinds of carbon atoms is 1:1.9:1.1, which is in accordance with the inset mode of Ni MOF. In addition, the peak at 289 eV belongs to -COOH at edges of the Ni MOF structure. As in the interface between CNWs and MOF (Fig. 2i) , the peak intensity of -COOH is very strong indicating that many -COOH species are adsorbed on edges of CNWs, which agrees well with the DFT results. In Supplementary Figure 14 . The I D /I G value is reduced to 1.42, whereas the I 2D /I G value increased to 0.87 due to the fact that Ni MOF nanosheets with fewer layers growing on CNWs reduced the overall structural disorder and crystal defects. Overall, the proposed growth mechanism can be separated into two steps which is shown in Supplementary Figure 15 . First, linker PTA molecules adsorb in a side orientation on top of carbon atoms at edges, and the nascent MOFs are self-assembled in a side orientation to match the matrix of CNW edges. Then, additional metal ions and linkers continually and vertically selfassemble with terminal -COOH groups on PTA to stabilize the whole architecture, forming a well-oriented MOF structure. As one can see, some MOF sheets incline on CNWs at some regions, which is probably because that the edges of graphitic planes on CNWs are curved for MOF growth. As the reaction time was extended, random and large MOF sheets show up instead of the vertical orientation (Supplementary Figure 16) , and these MOF sheets agglomerated that damaged the architecture and fell off the CNWs.
Electrochemical performance evaluation. We use VMS/CNW/ Ni foam as an integrated supercapacitor electrode in 1 M KOH. Figure 3 shows the electrochemical performance of VMSs. There is a pair of redox peaks (Fig. 3a) that corresponds to mutual conversion of Ni 2+ and Ni 3+ species, which is companied with intercalation/de-intercalation of OH − . This process can be represented by the following equations 10, 34 :
Two charge/discharge platforms imply the Faradaic behavior of VMSs and the best specific capacitance can reach as high as 1962 F g −1 at a current density of 1 A g −1 (Fig. 3b) , which can be calculated according to the equation: C m = C/m = (I × Δt)/(ΔV × m), where C m (F g −1 ) is the specific capacitance, I (mA) the discharge current, Δt (s) the discharging time, ΔV (V) represents the potential drop during discharge process, and m (mg) the mass of MOF. At higher current densities, VMSs show high capacitances (1884, 1552, 1297, and 1209 F g −1 at 2, 4, 8, and 16 A g −1 , respectively). Even at a current density of 32 A g −1 , the capacitance still reached 996 F g −1 (51% of its best), which indicates that VMSs have an excellent rate capability (Fig. 3c ) compared to Ni MOF by no virtue of the uniformly upright orientation. To the best of our knowledge, 996 F g −1 at 32 A g −1 is the highest for a MOF material reported to date. Electrochemical impedance spectroscopy was also utilized to characterize VMSs/ CNWs/Ni foam and Ni MOF electrodes, respectively (Supplementary Figure 17 ). The inset is the electrical equivalent circuit used for fitting impedance spectrum. R s represents a combined resistance of ionic resistance of electrolyte, intrinsic resistance of substrate, and contact resistance at the active material/current collector interface. R ct corresponds to the charge-transfer resistance (the semicircle in the high-frequency range). CPE is the constant phase element and W is the Warburg impedance. The Ni MOF with random orientation was pressed onto Ni foam, the calculated resistance is 3.2 Ω, which is due to poorly conductive nature of MOF. However, after the growth of MOFs on CNW, the resistance is reduced to 2.6 Ω, which is attributed to high conductivity of CNW and the resultant highly uniform orientation of MOFs. Accordingly, an asymmetric VMS-active carbon capacitor was fabricated ( Fig. 3d ) with 1 M KOH solution as the electrolyte. Figure 3e shows the cycle voltammetry curves with different scan speeds ranging from 10 to 100 mV s −1 . There is no obvious change for the curves, which indicates the good rate capability of this capacitor. The energy density of the asymmetric capacitor is 10 Wh kg −1 at a power density of 1450 W kg −1 . The cycling performance of the capacitor is also very stable, with 97% of its initial capacitance after 1200 cycles. To confirm the stability of the structure after the stability test, we also conducted Fourier transform infrared (FT-IR) experiment ( Supplementary Figure 18) . The FT-IR spectra of the as-prepared VMSs and the ones after 1200 times of charge/discharge cycles show quiet similar shapes. Both spectra present characteristic bands of the carboxylate within 1400−1650 cm −1 as well as the vibrations of ONi-O groups at 500−900 cm −1 . The wide band around 3400 cm −1 is assigned to the O-H stretching modes of interlayer water or methanol and of H-bound OH group, whose relative intensity compared to that of the characteristic band of carboxylate was enhanced after reacting with KOH electrolyte. After 1200 times of charge/discharge cycles, a sharp and intense band appeared at 3647 cm −1 , which is characteristic of free OH groups because of OH − ions penetrated into the electrode. The similar shapes of both FT-IR spectra indicate the robustness of the vertically aligned structure, which is in accordance with the stability test. This enhanced performance of the electrode and its corresponding capacitor have demonstrated that the uniform vertically orientated structure prevents MOF agglomeration, endows MOF with superior supercapacitive properties, and unlocks the promising future of MOFs with multiple virtues to be electrochemical-active materials.
The highly uniform orientation of the MOF not only facilitates electrolyte permeation, but also provides the shortest ion pathways for ion intercalation and de-intercalation. The CNWs beneath VMS provided facile electron transport because of intrinsically high electrical conductivity, which lead to good rate ability of the MOF. Table 2 summarizes the performance of MOF-based supercapacitors recently proposed in the literature. We see that our strategy harvests a considerable specific capacitance and promote the rate capability of the MOF at the same time; even at a 32 times larger current, the capacitance retention is 51%. It is also important to point out that the conductivity of MOFs is usually poor 35, 36 , and agglomeration of MOFs would further hamper the full use of potential active sites and degrade the performance. Our strategy triggers nanocrystallization, which not only shorten the ion diffusion path, but also expand the specific area and increase active sites. Together with the vertical structure, nanocrystallization can increase effectively the electrochemical-active surface, enhancing the utilization ratio of redox sites and yielding the high specific capacitance. In addition, the nanocrystallization prevents the MOF from agglomeration and increases the electrode/electrolyte contact area 37, 38 . Additionally, the intimate connection of CNWs and VMSs avoids binders, which play a vital role in traditional electrode fabrication process and can greatly affect electrode performance. We see therefore that the direct growth of VMSs on CNWs not only excludes the potential influences of binders, but also improves the electrochemical behaviors and provides a new highly efficient strategy to synthesize uniformly oriented MOF architecture that can upgrade performance for a wide range of applications.
Here we demonstrated that vertically oriented 2D layered MOF nanosheets grew directly on CNW and are a promising integrated electrode. However, many important issues remain in order to consistently prepare oriented MOFs with a variety of dimensions and morphologies. We put forward that by controlling the synthesis conditions, matrixes, or seedbeds in precursors, one should be able to shape MOF growth in selected directions. Such orientation control can therefore boost the performance of MOFs not only for energy storage application, but also in sensing, catalysis, and other applications.
Discussion
In summary, vertically oriented MOF nanosheets were synthesized by using CNWs which are utilized as seedbeds for MOF growth. PTA molecules adsorb in a side orientation on top of carbon atoms at edges, and the nascent MOFs are self-assembled in a side orientation to match the matrix of CNW edges, while the remaining ions self-assemble with a side orientation to forge the VMS structure on top of graphitic ridges. We also tested this integrated MOF electrode as binder-free supercapacitor electrode, exhibiting promising properties. The observed high performance is attributed to the well-defined orientation of the MOF nanosheets, which enhances the utilization of active sites for redox reactions and shortens ion diffusion paths. In addition, nanocrystallized compositing with CNWs facilitates electron transfer. Therefore, our vertically oriented MOF successfully demonstrates that uniform orientation can improve MOF performance in practical applications. This strategy may also open up new opportunities for controlling MOF growth and patterning to pursue superior properties in a wide range of applications.
Methods
Synthesis of Ni MOF powder. The Ni MOF was synthesized through a reported method with some modifications. Typically, 1 mmol of PTA (≥ 99%, Sinopharm Chemical Reagent Co., Ltd) and 1.5 mmol of nickel nitrate hexahydrate (Ni (NO 3 ) 2 ·6H 2 O, AR, ≥ 98.0%, Sinopharm Chemical Reagent Co., Ltd) were dissolved in 20 ml N,N-dimethylformamide (DMF, ≥ 99.5%, Sinopharm Chemical Reagent Co., Ltd) in a vial with a capacity of 50 ml. After stirring at room temperature for 30 min, the vial was kept at 120°C for 6 h. After cooling to room temperature, the green product was washed with DMF three times. Then, the precipitates were dried at 60°C overnight, and herein Ni MOF was obtained.
Synthesis of carbon nanowalls. CNWs were synthesized on Ni foam (1 cm 2 in area) by PECVD. Before being put into the vacuum chamber, the Ni foam was ultrasonically cleaned with acetone, hydrochloric acid, and distilled water for 10 min, respectively. After the vacuum of the PECVD chamber was down to 10 Pa, a pressure of 200 Pa by introducing Ar gas (20 sccm) was kept until the Ni foam was heated to 800°C. Then, the flow rate of Ar was changed to 80 sccm, and CH 4 (20 sccm) was introduced into the chamber. During the deposition, the plasma power was kept at 200 W. After 30 min of deposition, the whole system was naturally cooled down to ambient temperature under Ar atmosphere.
Synthesis of vertically oriented MOF/CNW composite. The CNWs/Ni foam was placed into the mixture of precursors for the synthesis of the Ni MOF. Then, the vial was kept at 120°C for 6 and 12 h, respectively. After cooling to room temperature, the Ni foam was washed with DMF for several times and transferred to an oven at 60°C overnight. Then, the vertically oriented MOF nanosheets/ carbon nanowalls/Ni foam (VMS/CNW/Ni foam) electrode was obtained.
Physical characterization. Surface morphology of the Ni MOF, carbon nanowalls, and VMS/CNW/Ni foam electrode was studied by using SEM (Hitachi SU8000 scanning electron microscope). The detailed microstructural characterization was performed by TEM (JEOL JEM-2100F). A cross-section lamella of VMS/CNW/Ni foam prepared by using focused ion beam was used for STEM image and corresponding EDX analysis by Themis Z (FEI), operated at 200 kV.The XRD measurement was operated by a RIGAKU D/MAX 2500 instrument (λ = 1.54 nm). Raman spectroscopy was performed with a 514.5 nm Ar + laser excitation (T64000 Horiba, a laser power of 7 mW). XPS was carried out by a ESCALAB-250 instrument with a monochromatic Al Kα radiation source and a hemisphere detector with an energy resolution of 0.1 eV. FT-IR spectra were obtained from Perkin Elmer Spectrum One B instrument. XAFS were collected at Beijing Synchrotron Facility (BSRF) on beamline 1W1B. The BSRF storage ring is operated at the electron energy of 2.2 GeV with beam current of 250 mA. A Si (111) doublecrystal monochromator was applied. The beam size used at the sample position was 900 × 300 μm 2 .
Electrochemical characterization. Electrochemical measurements were carried out on a computer-controlled potentiostat (CHI660E, CH Instrument, Shanghai) with a three-electrode electrochemical cell containing 1 M KOH aqueous solution as electrolyte. The working electrode was the VMS/CWN/Ni foam. A platinum plate and an SCE were used as counter electrode and reference electrode, respectively. The electrolyte (1 M KOH) was prepared from high purity KOH pellets (AR, ≥ 85.0%, Sinopharm Chemical Reagent Co., Ltd) by adding 56 g of pellets to 1 L distilled water. The Ni MOF and active carbon (AC) electrodes were fabricated using a same method as follows: a mixture of Ni MOF or AC, acetylene black, nafion (wt%: 85:10:5), and a small amount of ethanol was prepared by stirring 6 h to produce a homogeneous paste. This paste was pressed onto Ni foam (1 cm 2 in area) to produce Ni MOF or AC electrode. A two-electrode cell configuration was used to measure the performance of an asymmetric supercapacitor in 1 M KOH aqueous electrolyte solution. The working electrodes were the prepared VMS/ CNW/Ni foam and AC electrodes mentioned above, and they were placed together and separated by a porous non-woven cloth separator. The mass loading of AC is about 5 mg, while the mass of VMSs ranges from 1 to 1.5 mg. Then, cyclic voltammetry was used to investigate its activity. Its charge/discharge ability was measured by a galvanostatic test. The energy and power densities of the asymmetric capacitor were calculated as follow: E = 0.5 × C × V 2 , P = I × V m −1 , where E (Wh kg −1 ) is the energy density and P (W kg −1 ) is the power density.
Computational details. DFT calculations were performed using the Vienna Abinitio Simulation Package 5.4.1 code [39] [40] [41] . We used the semilocal Perdew-Burke-Ernzerhof (PBE) 42 exchange functional in combination with the latest generation of Grimme's dispersion-corrected approach (D3) 43 with the Becke-Johnson damping function (D3BJ) 44 . Core electrons were replaced by PBEbased projector-augmented-wave potentials 45 , whereas we treated explicitly the C (2 s 2 2p 2 ), O (2 s 2 2p 4 ), and H (1 s) valence electrons using wave functions expanded in plane waves with a cutoff energy of 500 eV. Geometries were optimized with a residual forces threshold of 0.01 eV/Å. The gas-phase PTA molecule was calculated at the point using a 17 × 14 × 10 Å 3 simulation box, which ensure that repeated image interactions were negligible. The structures to model CNWs were constructed using slabs cut along the (01−10) direction of the DFT-optimized bulk graphite with AA stacking. This cutting direction allowed us to obtain zig-zag terminated edges in the prismatic sites while minimizing the amount of dangling bonds at the surface. The slabs contained three layers of carbon atoms and we fixed the bottom layer to its DFT-optimized position during relaxation procedures. We considered a 20 Å vacuum between slabs. To study the adsorption of PTA on the graphitic surface we used 2 × 2 × 1 k-point meshes and two different supercells (5 × 5 and 7 × 4) as shown in Supplementary Figure 8 . For both cases we let the PTA molecules to relax in all three x-, y-, and z-directions as well as a further relaxation of the two top-most carbon layers of the CNW surface model. This setup ensures that absorbed PTA species are separated by at least 9 Å with respect to their neighboring images.
respectively. The most stable structures and adsorption energies for PTA@C-planar, PTA@C-vertical, and PTA@C-side configurations are shown in Fig. 1 . Other less stable structures we found are given in Supplementary Figures 9-11 .
